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Abstract

The mission adaptive wing (MAW) consisted of
leading- and trailing-edge variable-camber surfaces
that could be deflected in flight to provide a near-ideal
wing camber shape for any flight condition. These sur-
faces featured smooth, flexible upper surfaces and fully
enclosed lower surfaces, distinguishing them from con-
ventional flaps that have discontinuous surfaces and
exposed or semiexposed mechanisms. Camber shape
was controlled by either a manual or automatic flight
control system. The wing and aircraft were extensively
instrumented to evaluate the local flow characteristics
and the total aircraft performance. This paper dis-
cusses the interrelationships between the wing pres-
sure, buffet, boundary-layer and flight deflection mea-
surement system analyses and describes the flight ma-
neuvers used to obtain the data. The results are for
a wing sweep of 26°, a Mach number of 0.85, leading-
and trailing-edge cambers (6,5/7g) of 0/2 and 5/10,
and angles of attack from 3.0° to 14.0°. For the well-
behaved flow of the 6, g/rg = 0/2 camber, a typical
cruise camber shape, the local and global data are in
good agreement with respect to the flow properties of
the wing. For the §,5/75 = 5/10 camber, a maneu-
vering camber shape, the local and global data have
similar trends and conclusions, but not the clear-cut
agreement observed for cruise camber.

Nomenclature

Reference values in brackets, [], based on a trape-
zoidal planform at a leading-edge sweepback angle of
26° scaled up, from Ref. 17.
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normal acceleration at center of gravity, g
normal acceleration at cockpit, g
normal acceleration at horizontal tail, g
normal acceleration at wingtip, g
buffet intensity rise
wing span, ft [56.55 ft]
airplane normal-force coefficient,

(ancg W)/g00S
pressure coefficient, (p — poc)/qoo

pressure coefficient on wing upper-surface at
z/c = 0.96 '

streamwise local chord, ft

mean geometric chord, ft, S/b [11.0 ft]

mean aerodynamic chord, ft, 2/ fob/ 22 dy
[11.2 ft]

section normal-force coefficient, f01 ACpdz/c

flight deflection measurment system

mission adaptive wing

free-stream Mach number

pulse code modulation

local wing surface static pressure, 1b/ft2

free-stream static pressure, Ib/ft?

free-stream dynamic pressure, 1b/ft?

root mean square

wing reference area, ft2 [622.0 ft?]

transonic aircraft technology

local flow velocity in the boundary layer,
ft/sec

local flow velocity at Y = 5 in., ft/sec

airplane weight, 1b



z local streamwise coordinate (from wing
leading edge), ft

z/c fraction of local streamwise chord

Y perpendicular distance above upper wing
surface, in.

Y spanwise coordinate, ft

a indicated angle of attack corrected to wing
reference plane, deg

ar wing reference angle of attack (a + Aa), deg

8 aircraft angle of sideslip, deg

Aa correction for pitching moment and upwash
effects

01 p/Te leading- and trailing-edge camber deflection,
deg

n orifice row semispan locations, 2y/b

rms of buffet component of normal
acceleration, g
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Introduction

A wing configuration that would allow smooth cam-
ber changes throughout the flight envelope can pro-
vide additional aerodynamic performance at all flight
conditions. Variable camber alone has been a proven
concept for enhancing maneuverability for nearly all
flight conditions.! On airplanes such as the F-16
and F-18 aircraft the variable camber is achieved
through discrete flap positions. Better performance
can be achieved with smooth variable camber. De-
sign studies®3 to develop a smooth, variable-camber
supercritical wing resulted in the mission adaptive wing
(MAW). The MAW consisted of leading- and trailing-
edge variable-camber surfaces that can be deflected in
flight to provide a near-ideal wing camber shape for any
flight condition. These variable-camber surfaces fea-
tured smooth, flexible upper surfaces and fully enclosed
lower surfaces, distinguishing them from conventional
flaps that have discontinuous surfaces and exposed or
semiexposed mechanisms. The camber shape was con-
trolled by either a manual or automatic flight control
system.*

The wing and the aircraft were extensively
instrumented>® to evaluate the aerodynamic perfor-
mance of the MAW. Instrumentation located on
the MAW included orifices for surface pressures, a
boundary-layer rake, a flight deflection measurement
system (FDMS), wingtip accelerometers, strain gages,
and control position transducers.

Results from the MAW Program were summarized
at the final symposium held at the NASA Dryden

Flight Research Facility in April 1989.7 Aerodynamic
characteristics and performance evaluations, for exam-
ple wing pressure, buffet, and lift and drag test re-
sults, also have been discussed in separate subdisci-
pline reports.®~11 The data indicate that the advanced
fighter technology integration (AFTI)/F-111 MAW air-
craft had significantly improved aerodynamic charac-
teristics, compared to the the basic F-111A and tran-
sonic aircraft technology (TACT) designs.

This paper provides a correlation of the multidis-
ciplines, showing how the interrelationships from the
wing pressure, buffet, boundary-layer and FDMS anal-
yses strengthen and support each other. Also included
are descriptions of the flight maneuvers used to obtain
the data. The results are for a wing sweep of 26°, a
Mach number of 0.85, leading- and trailing-edge cam-
bers (§pp/rE) of 0/2 and 5/10, and angles of attack
from 3.0° to 14.0°. The data presented are for dynamic
pressures of 300 and 600 1b/ft? with the majority of the
data shown being at 300 1b/ft?.

Background

The last research program conducted on the
AFTI/F-111 research aircraft was the testing of the
MAW concept. The AFTI/F-111 MAW aircraft was
initially an F-111A airplane, which was modified for
use in the F-111 TACT Program.!2'® The original de-
sign of the F-111 aircraft used a variable-sweep wing to
increase the number of optimum flight conditions. The
TACT Program combined a supercritical airfoil’ with
planform and twist changes to improve transonic cruise
and maneuver performance relative to the conventional
F-111 wing.'>1® The MAW Program used a smooth,
variable-camber supercritical wing to provide high lev-
els of aerodynamic efficiency over a range of subsonic,
transonic, and supersonic flight conditions. Previous
supercritical wing designs tended toward a fixed ge-
ometry shape that was a compromise for specific mis-
sion requirements. The MAW minimized penalties for
off-design flight conditions through the combination of
smooth-skin variable camber and variable sweep.

Maintaining an efficient airfoil shape by the use of
camber settings was one of the basic design goals. The
flight program provided adequate instrumentation to
allow evaluation of this complex design.

Correlation of the buffet characteristics with the
wing pressure distributions adds to the technical in-
terpretation of the data. Boundary-layer data at the
wing trailing edge support the buffet and pressure data
with respect to separation. The wing deflection data
provide a wing definition with load factor and angle of
attack. The resulting in-flight deflections supplement
the wing pressure data.



Description of Airplane and Wing

The AFTI/F-111 MAW airplane and the camber
shape of the wing are shown in Fig. 1. The airplane was
initially an F-111 airplane with the wings replaced for
the TACT/F-111 Program.!? The TACT wing, except
for the wing box, was subsequently replaced with the
MAW. Modifications'® were made to the TACT wing
planform to accommodate installation of the smooth-
skin leading- and trailing-edge variable-camber sys-
tems. The wing design coordinates at a 26° wing sweep
for the 1-g cruise MAW with 6, g/rp = 0/2, and the
wing-splash coordinates at orifice row semispan loca-
tion (n) = 0.76 and . g re = 0/2 are given in Ref. 19.
Selected MAW design coordinates and the correspond-
ing coordinates from the 1/12-scale wind-tunnel model
are compared in Ref. 20. The variable-camber leading-
and trailing-edge surfaces of the MAW are illustrated
in Fig. 1(b). Note that the positive direction is down.

Instrumentation

Wing Pressure Orifices

For this study, the pressure instrumentation was lo-
cated on the right wing of the AFTI/F-111 airplane
(see Fig. 2(a)). A detailed discussion of the static
pressure instrumentation is found in Ref. 21. There
were 152 flush-surface static pressure orifices located
on the upper and lower surfaces in four chordwise rows
aligned with the free-stream airflow at a leading-edge
sweepback angle of 26°. The pressure orifices were
spaced so that the closest spacing was in the mid-
section of the upper wing surface. The number of
upper and lower orifices at each semispan station is
presented in Fig. 2(a). Nine of the 10 pressure trans-
ducer boxes were located inside the flexible leading-
and trailing-edge flap surfaces. This required connect-
ing the leading- and trailing-edge surfaces with a flexi-
ble fluorosilicon tubing (0.07-in. inside diameter). The
orifices located on the surface of the wing box were con-
nected by stainless steel tubing (0.12-in. inside diame-
ter). In most cases the length of the pressure lines from
the orifices to the transducers was limited to less than
5 ft, thus pressure lag effects were minimized. More de-
tails about the pressure orifices can be found in Ref. 19.

Buffet Accelerometers

Figure 2(a) shows the right wingtip locations for the
high-frequency normal accelerometers used in the buf-
fet analysis. The locations for the cockpit, left wingtip
and horizontal tail accelerometers are given in Ref. 9.
The accelerometers used only for the high-frequency
analysis were filtered in the airplane instrumentation
package to remove the low-frequency maneuver com-
ponent (for example, the wingtip and horizontal tail
normal accelerometers, an,, and an ., respectively).

Other accelerometers (such as the cockpit accelerome-
ter, an,,,,) were filtered during the data analysis after
the flight. Stability and control parameters and surface
position indicators were also used in the buffet analysis.

Boundary-Layer Rake

The “12-probe” boundary-layer rake was installed
on the upper wing surface at 7 = 0.76 (see Fig. 2(a)).
The leading edge of the center probes was at z/c =
0.96, where z is the streamwise coordinate and c is the
streamwise local chord. Three impact pressures were
measured at each probe height. For 3 flights, 31 upper
surface orifice transducers from rows n = 0.76 and 0.59
and 5 spare wing transducers were connected instead to
the boundary-layer rake shown in Fig. 2(b). Local flow
direction was calculated using the pressures from the
two side probes (cut at 45°) and the calibration tech-
nique described in Ref. 22. Because of transducer prob-
lems, the pressures at the perpendicular distance above
the upper wing surface (Y') = 0.03 in. and 4.47 in. (see
Fig. 2(b)) were not measured.

Flight Deflection Measurement System

The electro-optical FDMS used in this study® was
an updated version of a system used previously.23:24
The MAW FDMS consisted of a control unit, a re-
ceiver, a target driver, and 13 infrared light-emitting
diode targets (Fig. 2(c)). The targets were mounted on
points of structural interest on the lower surface of the
left wing. The receiver was mounted behind a window
panel in the left side of the fuselage below the wing.
From this receiver location all targets could be viewed
for all camber settings when the wing was swept to 26°.
The control unit and target driver were mounted on the
right-hand instrumentation pallet located in what had
been the weapons bay.

The FDMS control unit used the end-of-frame pulse
from the pulse code modulation (PCM) system as a
synchronization signal. The control unit would com-
mand the target driver to momentarily energize each
target in order. Prior to the illumination of each tar-
get the control unit would initiate a sequence within
the receiver. This sequence involved clearing its linear
diode array, scanning the array to sample the back-
ground light signature and then scanning again with
the target on. This process was necessary to accom-
plish the automatic background light compensation.
The background light signal was used to modify the
target light signal to improve system operating range
and tolerance of ambient light. Each target data sam-
ple was transferred to the PCM system as two 10-bit
digital words. One word contained target identification
and error messages, while the other carried the target
position data. References 6 and 25 provide more com-
prehensive information on the FDMS.



Aircraft Measurements

Free-stream flight parameters, Mach number (M,,),
static pressure (poo), dynamic pressure (goo), and
angle of attack (a, ar) and angle of sideslip (8)
were measured and derived from sensors installed on
the AFTI/F-111 airdata boom. Mach number data
from a modified MA-1 type uncompensated pitot-static
probe?® were corrected for position error. Angle of at-
tack and angle of sideslip were measured using a flight-
path accelerometer vane system.2” Angle of attack is
referenced to the wing reference plane for consistency
with the wind-tunnel data. Because the noseboom is
canted 2.5°-down relative to the vehicle body axis, and
the MAW is set to an angle 1.0°-up relative to the
vehicle body axis, a 3.5° correction was added to the
indicated vane angle of attack to obtain the indicated
angle of attack (a). This angle of attack was corrected
for pitching moment and upwash effects!® to obtain
ar. This corrected angle of attack was used for the
wing pressure data analysis.

All the instrumented parameters were recorded dig-
itally on an airborne PCM system. The PCM system
had a sampling rate of 20 to 800 samples/sec. Each
wing surface and boundary-layer pressure was sampled
at 20 samples/sec. Each high-frequency accelerometer
used for the buffet study was low-pass-filtered on the
airplane at 160 Hz. The system sampling rate for the
FDMS data channel was 200 samples/sec. This means
that with the 13 FDMS targets installed and 3 spare
channels, each target was sampled 12.5 times a second.

Analysis Techniques

Pressure Data

The data used for the surface and boundary-layer
pressures were chosen from stabilized and quasi-
stabilized flight conditions to minimize concerns about
pressure and PCM sampling lag. When selecting data
for analysis, maximum deviations from the desired
flight conditions for M,, and ar were 0.01 and 0.25°,
respectively. For the boundary-layer data, the Mach
number and velocity calculations used the assumptions
(1) that the local static pressure was constant through
the boundary layer and (2) that total temperature was
constant through the boundary layer and equal to the
free-stream value. The local static pressure was the
surface static pressure at z/c = 0.96 (directly ahead of
the rake).

FDMS Data

The data_.used for the FDMS analysis were from left-
hand turns, since this meant the left wing was down
and looking at a darkened background (dark com-
pared to the sky). The left-hand turn also avoided
including the Sun in the background. Although not

necessary, this provided an optimum working environ-
ment for the optical measurement system. Most of the
data were obtained for stabilized or quasi-stabilized
times because of concerns that spurious signals from
the FDMS could possibly affect the high-frequency re-
sponse instrumentation.

Buffet Data

The buffet analysis primarily consists of determining
the root mean square (rms) value of the buffet accelera-
tions for increasing angles of attack. The low-frequency
maneuver components for the wingtip accelerometer
are filtered in the airplane instrumentation package,
leaving only the high-frequency response. The rms
values and power spectral density estimates were then
computed. The fluctuating accelerations were analyzed
for continuous 1 sec time segments during periods of
increasing angle of attack. The rms value of the accel
erations for each continuous time segment are shown as
buffet loads in the data figures. Power spectral density
techniques indicate the power and frequency distribu-
tion of the buffet parameters. The natural frequencies
of the primary structure for the wing and the frequen-
cies obtained from the wingtip accelerometer analysis
showed good agreement. This agreement lends confi-
dence in the instrumentation installation and analysis
techniques (see Ref. 28).

The buffet intensity rise was defined as the point
where the rms buffet component of normal accelera-
tion (g, ) Degins to increase rapidly with respect
to increasing airplane normal-force coefficient (Cy,)
(knee of Cy, as a function of Oan,,, curve). This is
discussed in a later section.

Test Points

Flight data presented in this paper are for a Mach
number of 0.85 and a 3.0° to 14.0° angle-of-attack
range. Free-stream dynamic pressures were 300 and
600 Ib/ft?, with most of the data being for 300 lb/ft2.
In most cases, data were selected for analysis for an-
gles of sideslip near 0°. Flight Reynolds number was
approximately 2.3 x 108 ft=! (26 x 10® based on the
mean aerodynamic chord (cpmac) = 11.2 ft).

Test Maneuvers

The diverse nature of the research objectives in this
flight test program resulted in the use of several types of
flight maneuvers. Wing pressures and boundary-layer
profiles required slow controlled windup turns to mini-
mize concerns regarding pressure and PCM system lag.
The aircraft would be stabilized at the desired Mach
number and altitude before entering the windup turn.
During an ideal slow windup turn, the aircraft was sta-
bilized for a few seconds or longer at each desired Mach
number and angle-of-attack combination. Because of



thrust limitions, it was not possible to hold altitude
and Mach number constant at the higher angles of
attack (> 8.0°) and/or flap settings. Windup turns
performed for buffet and loads measurements were at
a higher turn rate because accelerometers and strain
gages were not susceptible to pressure lag. The FDMS
data were obtained during the pressure maneuvers to
correlate the FDMS and pressure data.

Wing Pressure

Figure 3 illustrates the slow windup-turn maneu-
ver and the response of one pressure transducer and
a wingtip accelerometer. During the initial portion of
this particular maneuver, the pilot was adjusting al-
titude to achieve the desired conditions later in the
maneuver. The initial part of the maneuver was un-
steady in nature, but developed into a steady turn
culminating at approximately 80 sec at the maximum
aim angle-of-attack and dynamic pressure values, with
the Mach number within acceptable limits (see Analy-
sis Techniques section). The boundary-layer data and
FDMS data were gathered using this type of windup
turn. Soon after reaching the desired conditions, the
onset of separation is indicated by the traces for the
wingtip accelerometer and the trailing-edge pressure
orifice at z/c = 0.96 and n = 0.93; then the maneuver
is terminated.

Buffet

Figure 4 illustrates a windup-turn maneuver for the
baseline configuration §;,g/7p = 0/2. This was a typ-
ical windup-turn maneuver used for the buffet evalu-
ation. This maneuver was started at trim and con-
tinued to maximum allowable angle of attack. Mach
number was held nearly constant and altitude and dy-
namic pressure were sacrificed where available thrust
was limited. As angle of attack is increased, there is a
sudden increase in buffet (time ~ 33 sec, o &~ 10.0°),
known as the buffet intensity rise (BIR). This BIR
for the wingtip is followed by initial buffet at the pi-
lot’s station (time =~ 34 sec). Next are the simultane-
ous onset of wing rock and BIR for the horizontal tail
(time ~ 38 sec). Buffet characteristics for the MAW
are discussed in more detail in Ref. 9.

Other Types of Maneuvers

Pushover pullup (POPU) maneuvers were used to
gather data for many of the tests points in the per-
formance part of the program. This type of maneuver
is usually rapid in nature but will keep the aircraft
near the initial premaneuver flight conditions. It was
generally not possible to pause and hold angle of at-
tack. Another maneuver was the level acceleration used
primarily for performance and evaluation of the auto-
matic control modes.? In addition, all the disciplines
used data from any suitable maneuver, including the

trim or specified start conditions during the setup of
data runs.

Results And Discussion

Span Effects on Pressure Distribution

In Fig. 5, the chordwise pressure coefficient (C) dis-
tributions as a function of z/c are shown at the four
semispan stations for M., = 0.85, g, = 300 Ib/ft2,
b.e/re = 0/2 (baseline camber configuration), and
for ar = 8.0° and 10.0°. These two angles of attack
were selected to show the effects of trailing-edge flow
conditions on the pressure profiles. The ar = 8.0°
data have good presssure recovery at the trailing edge,
and the midspan profiles are typical of supercritical
airfoils® at or near the wing design conditions. All the
upper surface pressure profiles have a strong negative
pressure peak at the leading edge; however, for the
midspan rows (7 = 0.59 and 0.76) for ar = 8.0° the
peak is followed by nearly constant C, plateaus. For
ar = 8.0° the C, profiles “shock down” from approx-
imately z/c = 0.40 at n = 0.93 to z/c = 0.70 at =
0.40. Following the aft shocks, the C;, values indicate
a region of recompression that continues to the trailing
edge. At the trailing edge, the pressures show good
recovery for all the semispan stations. The C,, profiles
for ar = 10.0° also show strong leading-edge negative
pressure peaks. The midspan C, plateaus have dis-
appeared with the movement of the aft shock forward
consequent to the separation of the boundary layer at
the trailing edge. The shading on the trailing edge
of the wing represents an approximate region of sepa-
rated flow determined by analysis of the chordwise Cp
profiles for a7 = 10.0°.

Figure 6 illustrates the C, profiles for the same
Mach number and angles of attack as Fig. 5 but for
6.e/re = 5/10. The leading-edge camber of 5° pro-
duces a rounded leading-edge C,, profile. The midspan
Cp profiles are semiflat, followed by aft shock recom-
pression near the trailing-edge-flap line (z/c & 0.70).
The wingtip row (n = 0.93) is similar except for the
large negative pressure area aft of the flap line, fol-
lowed by a large secondary velocity peak. As in Fig. 5,
the aft shock has moved toward the leading edge as ar
increased to 10.0°. The larger trailing edge deflection
angle and angle of attack, both 10.0°, combine to in-
crease the approximate region of separated flow shown,
which is indicated by the shaded area.

Angle-of-Attack Effects on Aft Shock Location

Figure 7(a) shows the relationship with ay of aft
shock location (see Ref. 19 for discussion) along row
n = 0.76 for Mo = 0.85, goo =~ 300 lb/ft2?, and
Sre/re = 0/2. As angle of attack increases from
6.0° to approximately 8.5°, the location moves from



approximately 30-percent z/c to approximately 60-
percent x/c. As angle of attack continues to increase,
the shock location then begins moving forward again to
approximately 30-percent z/c as ar increases to 11.0°,
The windup-turn time history in Fig. 7(b) illustrates
the effect on the orifice pressures of aft shock movement
over the upper surface of the wing for the same flight
conditions shown in Fig. 7(a). In Fig. 7(b), absolute
pressures from six representative locations are shown
plotted as a function of time. One is from a wing ori-
fice near the leading-edge area (z/c = 9 percent), four
are from the midsection (z/c = 37, 47, 56, and 59 per-
cent) and one is near the trailing edge (z/c = 96 per-
cent). As angle of attack increases during the windup
turn, the aft shock moves rearward over the orifices
for the midchord pressures and reaches approximately
60-percent x/c, then it retraces its movement forward.
The traces in Fig. 7(b) show that as the aft shock moves
rearward, lower orifice pressure is measured in a region
between the strong negative pressure peak at the wing
leading edge and the aft shock. The aft shock never
reaches the trailing-edge orifice (z/c = 96 percent) but
there are indications of disturbed flow for az > 9.0°,
which can be noted by a high-frequency content in the
pressure traces between the aft shock and the trailing
edge. This may result from disturbances at the base of
the aft shock and from the beginning of trailing-edge
separation.2?

Figures 7(c) and (d) present a detailed compari-
son of two windup-turn time histories at M., ~ 0.85
showing pressure traces for all four trailing-edge ori-
fices and their associated traces of angles of attack and
wingtip accelometers for 6, 5/7p = 0/2 and 5/10. In
attached flow at the trailing edge, the flow should re-
cover to the free-stream static pressure, but a decreas-
ing pressure indicates nonrecovery to free-stream static
pressure and separated flow at the trailing edge. In
Fig. 7(c) for 6,5/ = 0/2 the trailing-edge traces are
smooth until approximately 9.0° angle of attack. Be-
yond this angle of attack, three of the four pressures
(n = 0.76, 0.59, and 0.40) break toward lower pressure
values producing an indication of trailing-edge sepa-
ration. The wingtip accelerometer trace, an,, ., also
closely correlates with the trailing-edge pressures, both
fluctuating (time > 60 sec) with small changes in angle
of attack. For 6, 5/rp = 5/10 (Fig. 7(d)), the two mid-
wing trailing-edge pressures (n = 0.76 and 0.59) have
a pronounced break to a lower pressure near o = 8.0°.
As the windup turn continues (time >100 sec), the
aircraft begins to lose altitude rapidly because of the
higher drag from the larger flap scttings (the altitude
trace is not shown). This results in the higher pres-
sures observed for all four trailing-edge pressures. The
anywo trace indicates an increased level of activity (see
Fig. 7(d)) compared with the Sp e/ = 0/2 case over
the entire windup turn. This residual buffet “buzz”

has been shown to be associated with the larger flap
settings.® Also appearing (for time > 110 sec) in the
Gny, - trace and the trailing-edge pressure traces of rows
n = 0.93 and 0.40 are flucuations that are a function
of the variations in angle of attack.

Wingtip Twist Effects

The incremental change in wingtip twist caused by
load (wingtip delta twist) was calculated as the dif-
ference between the changes in deflections of the for-
ward and aft wingtip targets. This wingtip delta twist
is the incremental twist caused by load, not the total
twist. The wingtip delta twist, in degrees, is shown
in Fig. 8(a) as a function of free-stream dynamic pres-
sure for three camber settings at Mo = 0.85. The
trailing-edge-up twist is negative. The close agreement
between the data for § /7 = 0/2 and 10/2 show
that the eflect of leading-edge camber on wingtip twist
is insignificant compared to that of trailing-edge cam-
ber. The FLEXSTAB predictions reported in Ref. 30
show the same trend. Only one data point was avail-
able for 6, r/rF = 5/10 at g =~ 600 Ib/ft2. The verti-
cal spread in the groups of measured wingtip twists is
caused by the variation in aircraft angle of attack. For a
given dynamic pressure and Mach number, an increase
in angle of attack causes a corresponding increase in
load factor, which in turn directly affects the wingtip
delta twist. Thus, increasing aircraft angle of attack
causes more negative wingtip twist, which is also re-
ferred to as “washout”. The resulting local angle of at-
tack that the wingtip experiences is therefore less than
the aircraft angle of attack for a positive normal accel-
eration maneuver. This wingtip washout may explain
why the wingtip pressure traces (n = 0.93) in Figs.
7(c) and (d) differ in the separation indicated. In Fig.
7(c) a washout of 1.5° or larger could delay separation
enough to show little, if any, effect. But in Fig. 7(d)
the 10° trailing-edge flap plus the angle of attack of
the windup turn would be large enough to overcome
any washout indicated in Fig. 8(a) for 6, g/75 = 5/10.
Thus, the wingtip pressure trace indicates trailing-edge
separation.

Figures 8(b) and (c) compare wing surface pressure
profiles at two span locations (7 = 0.93 and 0.76) at
My = 0.85, ar = 8.00, 6LE/TE = 0/2, and Goo =~
300 and 600 Ib/ft?. In the figures, the wingtip twist
effects, if any, are minimal at the inboard row location
while the outboard row shows only a small difference in
the wingtip delta twist for the two dynamic pressures.
The wingtip delta twist is only 0.5° for SLe/TE = 0/2,
which would suggest that large effects would not be
anticipated for the two dynamic pressures investigated.

Buffet Intensity

Figure 9 presents the normal-force and buffet in-
tensity characteristics for the baseline configuration,



6LE/TE = 0/2, and for the 6LE/TE = 5/10 config-
uration. The 8.g/7r = 5/10 configuration is re-
garded as one of the better fixed-flap configurations
for transonic maneuvering.3! The normal-force curves
for the §,g/7e = 0/2 and 5/10 configurations have
breaks that imply the presence of significant areas of
flow separation on the wing. These breaks occur at a
Cn, ~0.80 and a = 9.5° for the 6, g/75 = 0/2 config-
uration (Fig. 9(a)), and at a Cy, ~1.00 and & ~ 10.3°
for the 8,5/ = 5/10 configuration (Fig. 9(b)). The
difference in the Cy, values at the normal-force break
(approximately 0.20 C, ) indicates the influence of the
wing trailing-edge deflection on the coefficient data.

The buffet intensity data (Cy, as a function of
aanWT) indicate slightly lower BIR values in terms of
Cn, than the normal-force-break data. Similar im-
provements in the BIR and the intensity characteris-
tics are shown for the 6,51 = 5/10 configuration,
with respect to the normal-force curves. However, for
the 6., g/7E = 5/10 configuration and low Cn, values,
the intensity data (9an,, ) indicate a large offset when
compared with the 6, g/7g = 0/2 data. This offset in-
dicates a low-level separation occurring before the BIR
with a maximum value of o,, wr = 0.25. A similiar
comparison for the 6,5/ = 0/2 configuration indi-
cates a 05, = 0.06. The offsets are pointed out in
Fig. 9.

Summary of Pressure and Buffet
Characteristics

In Fig. 10, the pressure and buflet characteristics
for Moo = 0.85 and goo = 300 Ib/ft? are presented
for §Lg/TE = 0/2. The upper and lower surface pres-
sure profiles for n = 0.76 are given in Fig. 10(a) for
ar = 5.0°, 6.0°, 8.0°, and 12.0°. The pressure coeffi-
cient on the wing upper surface at z/c = 0.96 (Cprs)
as a function of ar is also shown. In Fig. 10(b), the
boundary-layer velocity profiles for = 0.76 and z/c=
0.96 are shown for ar from 5.2° to 8.7°. The airplane
normal-force coefficient and buffet intensity are given
in Fig. 10(c). The pressure profiles show the expected
rearward movement of the aft shock location over a
supercritical airfoil as ar increases to 8.0°. The Cp
for ar = 8.0° shows a well-developed supercritical dis-
tribution. The pressure profiles indicate that separa-
tion at the trailing edge occurs between a = 8.0° and
12.0°. From the break in the curve for Cp,.,, separation
is seen to occur for ar & 8.6°. The velocity profiles for
ar < 8.0° show larger losses as ar increases from 5.2°
to 8.0°. For ar = 8.6° and 8.7°, the velocity profiles
show incipicnt separation for the flow at the trailing
edge. The buffet data, by the break in the Cn, and
the BIR point, also show that separation occurs for
ar =~ 8.6°. For ar < 8.6°, the buffet data, as well as
the pressure and velocity profiles, indicate that the flow

is attached and well-behaved. For ar > 8.6°, the buf-
fet data, as well as the pressure and velocity profiles,
indicate the flow is separated.

In Fig. 10(d), information pertinent to the data in
Figs. 10(a), (b), and (c) are presented as a function of
ar. The Cp;, and Cy, curves are repeated, and a,,,.,.
is now shown as a function of ay. The curves for aft
shock position in percent of x/c and the ratio of local
velocity to edge velocity (U/U,) values for Y = 2in. are
also shown. All of the pressure data are for n = 0.76.
The shaded band at approximately a = 8.5° indicates
the region of incipient separation. Good agreement was
found between all the data sources (trailing-edge pres-
sure, aft shock location, boundary-layer velocity ratio,
normal-force coefficient, and the rms of the buffet).

In Fig. 11, the préssure and buffet characteristics for
My = 0.85 and go, = 300 Ib/ft? are presented for
bLe/re = 5/10. The upper and lower surface pressure
profiles (Fig. 11(a)) are again for ar = 5.0°, 6.0°, 8.0°,
and 10.0°. Boundary-layer data were not obtained for
M., = 0.85. However, the boundary-layer data ob-
tained for My, = 0.80 showed separated flow at the
trailing edge for all angles of attack studied (ar = 4.0°
to 8.0). Because trailing-edge flow separation occurs at
lower angles of attack as Mach number increases, the
flow at the trailing edge for M., = 0.85 would also be
separated. Figure 11(b) shows C,,, as a function of
ar and Fig. 11(c) shows the buffet characteristics. The
pressure profiles show the expected rearward movement
of aft shock location as ar increases from 5.0° to 8.0°.
However, unlike the §,5/75 = 0/2 profiles, the ar =
5.0° and 6.0° profiles have a secondary velocity peak
at z/c~ 0.75. For o = 10.0°, the forward movement
of the aft trailing shock indicates that the flow charac-
teristics over the wing have changed, and there is the
possibility that the wing has separated flow. None of
the pressure profiles have a recovery to C, = 0 at the
trailing edge, which supports the trailing-edge separa-
tion indicated by the boundary-layer data. The Cp,.,
curve for ar = 4.0° to 10.0° does not have the well-
defined break of the 6§, z/7p = 0/2 data, and therefore
cannot be easily used to obtain the angle of attack for
wing separation. The less negative values occurring at
approximately ar = 7.0° are a result of the secondary
shock. From the buffet intensity data in Fig. 11(c), the
BIR occurs for ar &~ 9.6°, which supports the possible
wing separation observed for the ar & 10.0° pressure
profile. The offset in the buffet intensity data and the
low level of “buzz” seen in the a,,,, time history in
Fig. 7(d) support the trailing-edge flow separation ob-
served for the pressure data. It is apparent from these
figures that the global (buffet data) and the local data
(wing pressure data) do not have the clear-cut interre-
lationship observed for the bpe/re = 0/2 data.



Figure 11(d) presents information similar to that
shown in Fig. 10(d), except that the pressure-derived
section normal-force coefficient (¢,) for n = 0.76 is
shown instead of the boundary-layer velocity ratios.
All of the pressure data are for n = 0.76. All of the
curves derived from the pressure data (trailing-edge
pressure, aft shock location, and section ¢,) indicate
changes in the flow at approximately as = 7.0°. None
of these curves have a definite break that would indi-
cate an extensive region of wing flow separation. The
section c,, curve indicates that the wing is still perform-
ing well as ar increases from 7.0° to 10.0°, and that
an extensive region of wing flow separation may occur
for ar > 10.0°. This agrees with the buffet data. The
shaded band at approximately a = 10.0° indicates the
region where extensive separation begins.

For the well-behaved flow of the 6,575 = 0/2 cam-
ber, which is a typical cruise camber shape, the lo-
cal and global data are in excellent agreement with
respect to the flow properties of the wing. This excel-
lent agreement is not observed for the 6. 5/7r = 5/10
camber, which is a maneuvering camber shape. For
the 6, 5/rr = 5/10 camber, the local and global data
have similar trends and conclusions but not the clear-
cut agreement for the breakpoint as observed for the
SLE/TE = 0/2 camber. A possible reason that the lo-
cal and-global breakpoints are not aligned is because
of the presence of a secondary velocity peak observed
for a7 = 5.0° and 6.0° in Fig. 11(a), and for ar = 8.0°
and 10.0° in Fig. 6.

Concluding Remarks

Selected results from the wing surface and boundary-
layer pressures, flight deflection measurement system
(FDMS) and buffet studies for the advanced fighter
technology integration (AFTI)/F-111 mission adaptive
wing (MAW) Program were presented and discussed
with respect to each other. The discussions mainly
concerned data for a Mach number of 0.85, and leading-
and trailing-edge camber deflections of (6., 5/7g) = 0/2
and 5/10.

From a flight test perspective, providing the techni-
cal tools to describe the advantages of a supercritical
wing for different cambers is very challenging. This
paper describes the different aerodynamic technologies
studied on the airplane, and their relationship with
each other.

The pressure profiles had the distribution typical of
a supercritical airfoil for the 6,z/7p = 0/2 and 5/10
cambers investigated in this paper. The midspan pres-
sure profiles for both cambers illustrated the nearly
constant upper surface pressure coefficient plateaus ex-
pected for supercritical wings. The analysis, in terms
of pressure profiles with respect to angle of attack and

shock position, is correlated with the initial separation
provided by the buffet analysis and the boundary-layer
velocity profiles. The wingtip twist measurements pro-
vided an insight into how dynamic pressures for pos-
itive normal accelerations affect the wingtip pressure
profiles.

For the well-behaved flow of the 6, 5/75 = 0/2 cam-
ber, which is a typical cruise camber shape, the local
and global data are in good agreement with respect to
the flow properties of the wing. This good agreement is
not observed for the 6, g/ = 5/10 camber, which is
a maneuvering camber shape. For the §,g/rg = 5/10
camber, the local and global data have similar trends
and conclusions.
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(a) Airplane in flight. Chordwise dark areas on the right wing indicate the four semispan locations of pressure
orifices.

Fig. 1 AFTI/F-111 MAW airplane and wing shape.
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(b) The MAW smooth variable-camber flap shape.
Fig. 1 Concluded.
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(a) Semispan locations of surface pressure orifices, boundary-layer rake, pressure instrumentation, and wingtip

accelerometers for the right wing.

Fig. 2 Experiment locations and description.
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(c) FDMS target locations on the lower surface of the left wing.

Fig. 2 Concluded.
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Fig. 3 Time history of typical windup-turn maneuver used to obtain wing pressure FDMS and boundary-layer
data; Moo = 0.85, goo & 300 1b/ft?, and 8,5 rp = 0/2.
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Fig. 4 Time history of typical windup-turn maneuver used to obtain buffet data; M, =~ 0.85, goo &~ 300 Ib/ft?,
and 6LE/TE = 0/2.
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Fig. 5 Steady chordwise pressure distributions at four semispan locations for M., = 0.85, go, = 300 Ib/ft?, and
6rpyrE = 0/2. No separation at ar = 8.0°.

16



—— (X,T=8°
—_— OLT=10°

1) A

N= 0.93

?fs 1

x/c

-14 : : | =076
~1.2
Area of separation
for o =8°and 10°
] |
-6
-4
-2 -
| 1 |
0 2 4 6

920418

Fig. 6 Steady chordwise pressure distributions at four semispan locations for My, = 0.85, ¢oo =~ 300 Ib/ft?, and
6LE/TE = 5/10
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(a) Relationship ol aft shock location with angle of attack; Mg, = 0.85, bre/Te = 0/2, and 1 = 0.76.

Fig. 7 Aft shock position as a function ol angle of attack and windup-turn time histories of sclected chordwise
pressures, trailing-cdge pressures, and wingtip accelerations, g, & 300 1b/ft2.
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Fig. 7 Continued.
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(¢) Time history of trailing-edge wing pressures (z/c = 0.96) and wingtip accelerometers as angle of attack
increases; Mo, ~ 0.85 and 8, g/7p = 0/2.

Fig. 7 Continued.
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(d) Time history of trailing-edge wing pressures (z/c = 0.96) and wingtip accelerometers as angle of attack
increases, Moo, =~ 0.85 and 8. z/7r = 5/10.

Fig. 7 Concluded.
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(a) FDMS wingtip delta twist as a function of dynamic pressure for three cambers.

Fig. 8 Comparison of FDMS measured wingtip delta twist with two pressure profiles for M., = 0.85 and g, ~
300 and 600 1b/ft2.
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(¢) bLe/rE =0/2,7=0.76, ar = 8.0°.
Fig. 8 Concluded.
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(b) éLe/re = 5/10.

Fig. 9 Variation of airplanc and normal-force coeflicient with angle of attack and buflet intensity for Mo, = 0.85
and 8y g/ = 0/2 and 5/10.
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(¢} Variation of airplane normal-force coefficient characteristics with angle of attack and buffet intensity.

Fig. 10 The angle-of-attack relationship between pressure coefficients, boundary-layer profiles, and buffet charac-
teristics for Moo = 0.85, goo &~ 300 Ib/ft?, and 8. g/7r = 0/2.

25



o ;
A 1
g
0
1.0
CNA 5
0
1.1
U/Ue
aty=2in. 9
5
60
Aft shock
location x/c,
percent 40
forn =0.76
20
0
C
PrE
forn=076 -1
and x/c = 0.96
-2
(d)

/~ Region of separation
)
J
J
1 L L L L 1 J
5 6 7 8 9 10 1 12 13
o, deg
920431
Summary of breakpoints f{or pressure- and buffet-derived quantities.

Fig. 10 Concluded.

26



—O0— O(T=5°
—— o =6°
——
—A

o -4
OCT = 8
o =10° 0]
T o) %)
-3F o O 8
© &
Cc n
-1r
0 | ! i J
' 3 5 7 9 11
0 .2 .4 .6 .8 1.0 aT s deg
x/c 620432 920433
(a) Pressure profiles for several angles of attack, 7 = (b) Variation of upper surface pressure coefficients
0.76. Solid symbols are lower surface C,. with angle of attack at z/c = 0.96 and n = 0.76.
1.2 — -
Break
1.0 . —_— —
0 in curve -<«—— BIR
8 —
C
NA 6 | =
4 =
| ] | | ] ] J
o L 2 4 6 8 10 12 14 B
. o 1, deg
I ] ] ] i ]
0 4 8 12 16 0 1 2
0L, de Ga sg
J "wrt

920434
(c) Variation of airplane normal-force coefficient characteristics with angle of attack and buffet intensity.

Fig. 11 The angle-of-attack relationship between pressure coeflicients and buffet characteristics for Mo, = 0.85,
doo ~ 300 Ib/ft?, and ére/re = 5/10. Boundary-layer profiles not shown because flow was separated.
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